Computer simulations of molecular models are powerful technique that have improved the understanding of many biochemical phenomena. The method is frequently applied to study the motions of biological macromolecules such as protein and nucleic acids, which can be useful for interpreting the results of certain biophysical experiments. In this work, we have estimated the solvation free energy for light alkane (methane, ethane, propane and n-butane) dissolved in water and methanol respectively over a broad range of temperatures, from 275 K to 375 K, using molecular dynamics simulations. The alkane (methane, ethane, propane and n-butane), and methanol molecules are described by the OPLS-AA (Optimized Potentials for Liquid Simulations-All Atom) potential, while water is modeled by TIP3P (Transferable Intermolecular Potential with 3-Points) model. We have used the free energy perturbation method (Bennett Acceptance Ratio (BAR) method) for the calculation of free energy of solvation. The estimated values of solvation free energy of alkane in the corresponding solvents agree well with the available experimental data.
Introduction
Solubility, lack of solubility and other solvation properties of atoms, molecules and ions in aqueous solutions play a crucial role in biological processes and industrial applications. The free energy of solvation (specifically, hydration) is one of the most important properties in the study of solvent effects which determines solubilities, partition coefficients, association, dissociation, and binding constants, phase equilibria, and for transition states, reaction rates in many bio-chemical and physical processes [1] . For instance, protein folding occurs spontaneously because of a favorable change in the interactions between the protein and the surrounding water molecules. The folded proteins, caused by combined effects of solvent and hydrogen bonding, are stable by 5-10 kcal/mol. The solvation is driven by minimizing the number of side-chains, exposed to water and hydrophobic in nature, covered by the folded protein at its centre [2] . The host-guest complexes, whose binding constant depends on solvent polarity, caused by hydrophobic pores present in host molecules also act as driving force for solvation [3] . Furthermore, the interactions can be used in biological system to deliver the hydophobic drugs. Hydration has effects on electronic and vibrational properties of biomolecule [4, 5] .
Computer simulation and modeling is performed in order to comprehend the properties of assemblies of molecules in terms of their structure and the microscopic interactions between them. In a classical framework, the main computational methods are molecular dynamics (MD) and Monte Carlo (MC) simulations. Molecular Dynamics (MD) simulation is a powerful approach for predicting and knowing the structure, function, dynamics, and interactions of atoms and molecules starting from a simple to complex systems in biophysical phenomenon of materials science study. These techniques are complement to conventional experiments, enabling us to learn something new, something that cannot be found out in other ways [6] [7] [8] [9] [10] [11] .
Alkanes are saturated hydrocarbons that consist only of the elements carbon (C) and hydrogen (H), where each of these atoms are linked together exclusively by single bonds. Alkanes belong to a homologous series of organic compounds in which the members differ by a constant molecular mass of 14 that is CH 2 [12] . First four members (lighter alkanes) of alkane series are methane, ethane, propane, and butane with molecular formula CH 4 , C 2 H 6 , C 3 H 8 , and C 4 H 10 respectively. The most important sources of alkanes are natural gas and crude oil. Alkanes are non-polar solvents as only C and H atoms are present. Methane, ethane, propane and n-butane are hydrophobic molecules, and as such its solubility in water is rather low, and they tend to aggregate when solvated in water, but freely soluble in non-polar solvent like ether and benzene. This behavior is more clearly exhibited by longer n-alkane chains, which may be considered as polymers of methane. The complicated organic compounds that once made up living plants or animals have transformed into a mixture of alkanes [12] [13] [14] [15] [16] . Furthermore, the first four members of alkanes are also neutral analogs of amino acid side chain. Amino acid side chain analogs represent a natural test case for biomolecular interaction [17, 18] . Transport properties such as diffusion, viscosity and thermodynamic properties like free energy of hydration/solvation of hydrocarbons (alkanes) in aqueous environment is a basic consideration in many processes like processing of natural gases and petroleum, understanding the tertiary structure of proteins, as well as the important role it plays as a driving force in a number of processes occurring within living cells [19] [20] [21] . The free energy of hydration of light alkanes (a polar molecule) for a few temperatures and pressures have been repeatedly measured by computer simulations but the experimental values are rare. On the other hand, there is no literature data for the free energy of solvation of light alkanes in methanol (an amphiphilic molecule). So, we are motivated to calculate the free energy of hydration/solvation of light alkanes in water and ethanol molecules. Our findings from the numerical simulation can also be used as a crude reference for any further studies of hydrophobicity and solubility of organic and inorganic substances in different solvent environments.
The outline of the paper is as follows: In Sec. II, we discuss the theoretical background of the free energy of solvation and method of calculation. Computational details of our work are stated in Sec. III. Results of the work are presented in Secs. IV. Our conclusions are collected in Sec. V.
Theoretical Background
A thermodynamic quantity equivalent to the capacity of a system to do work, the difference between internal energy of the system and the amount of energy that cannot be used to perform work, is known as free energy of the system. Mathematically, the Helmholtz free energy A N, V, T and the Gibbs free energy G N, P, T are defined as:
(2) where, U, S and µ are internal energy, entropy and chemical potential of the system respectively. The Helmholtz free energy A N, V, T describes a closed, isochoric, isothermal assembly, so it is a function of temperature T , volume V , and number of molecules N . The Gibbs free energy G N, P, T describes a closed isobaric, isothermal assembly, so it is a function of temperature T , pressure P , and number of molecules N [22, 23] . The chemical potential is given by
Two ensembles are particularly useful for the calculations of free energy: the canonical NVT ensemble and the isobaric-isothermal NPT ensemble. The Helmholtz free energy and Gibbs free energy are determined by the corresponding partition functions Q defined by [22, 23] :
A N, V, T = k T ln Q V, T = !" #$ ×% e '() * +,, dp dq (4) and
where β = 1/k T, H 4 is the unperturbed Hamiltonian of the system and V is the volume. In simulation, the direct measurement of the free energy is not possible but difference in free energy can be calculated. For any other system differing in the Hamiltonian by a perturbation of the potential energy U , H + = H 4 + U, the dfference in Helmholtz free energy is, ∆A = A + − A 4 = −k T ln 
Free energy calculations have a number of practical applications, of which some of the more common ones include free energies of solvation/hydration and free energy of binding for a small molecule to some larger receptor biomolecule (usually a protein). Equilibrium free energy methodologies share the common strategy of generating equilibrium ensembles of configurations at multiple values of the scaling parameter λ. The commonly used methods are thermodynamic integration [24] , adaptive integration [25] , multistage free energy perturbation [26] , and multistage equilibrium Bennett analysis [27] . In GROMACS, different approaches, including "slow-growth" can be used to calculate the free energy differences. In the "slow-growth" method, the Hamiltonian of system, that changes slowly to remain in equilibrium from one system A to other system B, is modified by making the Hamiltonian as function of coupling parameter λ as H p, q; λ such that H p, q ; 0 = H p, q and H p, q ; 1 = H p, q . The Helmholtz free energy ; N, V, T in terms of partition function Q is defined as [22, 23, 36] :
A λ = −k T ln Q V, T = !" #$ × % e '() * +, ,; = dp dq
where β= 1/k T , H p, q; λ is the Hamiltonian of the system. In order to calculate free energy difference, we define potential energy function which linearly depends on coupling parameters λ i.e. U λ such that, for λ = 0, U λ = 0 represents the potential energy of system A and U λ = 1 represents the potential energy of system B, then
Also, the derivative of Helmoltz free energy Eq. (7) with respect to coupling parameter λ and using Eq. (8), we get the relation as:
The 〈… 〉 brackets represent the ensemble average. After integrating the Eq.(9) from λ = 0 to λ = 1 using thermodynamic integration (TI) method, we can evaluate the free energy difference between the system A and B as
According to the Bennett Acceptance Ratio (BAR) [27] method, the ratio of partition function Q 0 for λ=0 and Q1 for λ=1 is given by:
where 'w' is an arbitrary weight function. In terms of 'w', the Helmoltz free energy difference is given by β ∆A = ln〈w e '(G * 〉 − ln〈w e '(G I 〉 4 (12) It is also possible to use Bennetts method to combine the information normally used for forward and reverse free energy perturbations. In this approach, we compute the free energy difference between successive λ values δA according to the relation
Then the sum of these δA i is the total Helmholtz free energy difference [27] ,
Computational Model

A. Molecular Models
The TIP3P (Transferable Intermolecular Potential with 3-Points) model [28] is used in all the simulation for water as a solvent. The OPLSS-AA (Optimized Potentials for Liquid Simulations-All Atom) potential model [29] is used for alkanes (methane, ethane, propane, n-butane) and methanol. The all atom model of the studied alkane system is shown in figure (1). The system under study consists of 1 alkane (methane, ethane, propane, n-butane) molecule and 596 water, and 1 alkane (methane, ethane, propane, n-butane) molecule and 354 methanol, a separate system separately. In classical force fields like OPLS-AA, the potential functions are derived empirically to describe the atomic interactions. The atoms are treated as spherically symmetric particles and are considered to be connected through covalent bonds to form molecules. Each and every atom experiences a force resulting from its pairwise additive interac-tions with the rest of the system. The total potential energy U tot includes contributions from both bonded and non-bonded interactions [36] . The bonded interactions are bond stretching (2-body), bond angle (3-body) and dihedral angle (4-body) interactions. A special type of dihedral interaction (called improper dihedrals) is used to force atoms to remain in a plane or to prevent transition to a configuration of opposite chirality (a mirror image). The non-bonded interactions are represented by the Lennard-Jones potential and Coulomb potential. Therefore, the total potential energy function of a system can be written as [36] : 
where k Zl _ is the force constant andb Zl is the equilibrium bond length between two atoms i and j.
The bond angle vibration between a triplet of atoms i − j − k is also represented by a harmonic potential on the angle Ɵ Zlq [ 36] U 
where k Zlq Ɵ is the force constant and Ɵ Zlq 4 is the equilibrium bond angle.
The proper dihedral angle is defined as the angle between the ijk and jkl planes. In this study, we have used thefollowing dihedral potential (Ryckaert-Bellmans potential) [36] for alkanes:
U r = c 4 + c 1 + cosφ + c n 1 − cos2φ + c x 1 + cos3φ
where φ is the dihedral angle and c 4 , c , c n , c x are constants. The bonded parameters for water and alkanes are given in the table (I). The non-bonded inter-atomic interaction is the sum of Lennard-Jones interaction (ULJ) and Coulomb interaction (UCoul), that can be written as:
where rij is the Cartesian distance between the two atoms i and j; α and β indicate the type of the atoms. The non-bonded parameters for alkanes and water is given in the table (II). Here OW and HW represent the oxygen and hydrogen atoms of the water molecules respectively and C(CH 4 ), C(CH 3 ) and C(CH 2 ) are the methane, methyl and methylene carbon atoms of the alkane molecules respectively. Similarly, OH and HO are oxygen and hydrogen atoms of hydroxyl group of methanol respectively. The parameters for the non-bonded Lennard-Jones interaction between two different atoms for OPLS-AA force field are written as [36] :
B. Simulation Procedure
Molecular dynamics simulation was carried out in a cubic box with periodic boundary conditions [7] using GROMACS 5.1.1 [37, 38, 47 ] . The distance to the edge of the box from the solute (alkane) is an important parameter for defining the size of the box. Since we are using periodic boundary conditions, we must satisfy the minimum image convention. That is alkane (solute) should never see its periodic image, otherwise the forces calculated will be spurious. The size of the box defined here is sufficient for just about any cutoffi scheme commonly used in simulations. Our system consists of, 596 water and 1 alkane molecule, 354 ethanol and 1 alkane molecule a separate system. After defining a system in a simulation box, energy minimization is carried out for each values of λ from 0 to 1, for 21 diffierent values to avoid unphysical van der Waals contact caused by the atoms that are too close [36] . Energy minimization brings the system to equilibrium configuration, removes all the kinetic energy from the system, reduces thermal noise in structure and brings the system to one of the local minimum. Steepest descent algorithm followed by L-BFGS (limited-memory-Broyden-Fletcher-Goldfarb-Shanno quasi-Newtonianmimimizer) [30, 31] algorithm has been used for energy minimization [36] . This combination (steepest descent and L-BFGS) yields a thoroughly-minimized structure suitable for starting equilibration and subsequent data collection. The energy (potential) of the system after energy minimization is shown in figure (2). After energy minimization, NVT equilibration of 5 × 10 5 steps for 1 ns and isobaric-isothermal (NPT) equilibration of 2.5 × 10 6 of 5 ns was carried out at different temperature, from 275K to 375 K and a pressure of 105 Nm −2 by using velocity-rescaling thermostat [32] and Berendsen barostat [33] at a coupling time τ t = 1.0 ps and τ p = 0.5 ps respectively. Integration of the equations of motion were performed using an accurate leap-frog stochastic dynamics (SD) algorithm [34] , and all bonds were constrained using LINC algorithm [35] . During equilibration, the long range Coulomb interac-tion is handled via the PME (Particle Mesh Ewald) algorithm [39, 40] with fourier spacing 0.12 with a real space cutoffi of 1.2 nm and a PME order of 6. We monitored the temperature, pressure, density, and energy of each studied system to bring it in thermodynamic equilibrium. After equilibration run we performed the production run to calculate the equilibrium properties of the system, that is free energy of solvation for each values of λ by fixing the number of particles, volume and temperature i.e. NVT ensemble. We use velocity-rescale thermostat for this case. We don't couple the system to a fixed pressure and use the structure obtained after equilibration run by which we fix the volume of the system. The production run was carried out for 1 ns with the time step of 2fs.
Results and Discussion
Using the computational details described above, free energy of solvation calculations were carried out in a cubic box in infinite dilution for two separate systems: (i) 596 TIP3P water molecules and 1 OPLS-AA alkane (methane, ethane, propane and n-butane) molecule (ii) 354 OPLS-AA methanol and 1 OPLS-AA alkane (methane, ethane, propane and n-butane) molecule. The free energy of solvation of alkanes in diffierent solvent environments, water and methanol were estimated by Eq. (14) . The extent to which Hamiltonian of the system has been perturbed is measured by the free energy change of transforming a system from state A (λ = 0) to state B (λ = 1), ∆A, as a function of a coupling parameter, λ. For decoupling van der Waals interactions, we used an equidistant λ spacing of 21 diffierent λ's from 0 to 1. Thus, the free energy change from λ = 0 to λ = 1 is simply the sum of the free energy changes of each pair of neighboring λ simulations. The free energy changes of each pair of neighboring λ and the cumulative free energy change which is negative of free energy of solvation of butane in water is shown in figure (3) .
Fig. 3:
Difference in free energy (∆A) and cumulative free energy diffierence (∆A) for diffierent λ points for simulation of butane in water at T = 300 K.
The calculated values of solvation free energy of alkane (methane, ethane, propane, n-butane) in water and methanol along with the references (if available) at different temperatures are presented in table (III) . There is good agreement between experimental values at 298 K and calculated values at 300 K of the solvation free energy of alkanes in water within 15 % error, but at higher temperatures there is no available experimental results. And there is no experimental available result for solvation free energy of alkanes in methanol. The solvation process is considered to consist of two steps, (i) the formation of a repulsive cavity of appropriate size, and (ii) the introduction of the soa lute into this cavity. The positive values of calculated free energies of solvation (∆A) in TIP3P water for all of the alkanes (methane, ethane, propane and nbutane) indicate their low solubilities in water that means alkanes are hydrophobic in nature. The simulations also show, in accordance with experiment, that ∆A decreases from methane to ethane, but then increases with increasing carbon number for longer up to butane at 300 K. This shows that the methyl group of alkane molecules have a preferential tendency to be dissolved in the vicinity of water molecules and that this tendency decreases with chain length. The increase in free energy of solvation with increase in temperature describes that the formation of repulsive cavity in water is perturbed by the thermal agitation of the water molecules. That means when temperature is incresed we dont have new interactions that are strong enough to introduce some important change in enthalpy and change in Helmoltz free energy A is mostly connected with entropy or reordering of hydrogen bonds. By placing alkane in water we are perturbing the hydrogen bond network so that water molecules need to reorganize themselves around the solvent in a particular way that makes possible for average number of bonds for one molecule to remain constant. Since hydrogen bonds are directional this leads to a smaller configurational space for water molecules and change in entropy will be negative 45, 46] . Again , we have calculated free energy of solvation of alkanes in methanol at diffierent temperature. From table (III) and figure (6), free energy of solvation ∆A in methanol becomes more negative as the alkane chain increases. The positive values of solvation free energy of methane and ethane shows that they are insoluble in methanol but the negative values of it for propane and butane indicates they are soluble in the methanol. Methanol is amphiphilic organic substance. There is a competition between hybrophobic group (methyl-CH 3 ) and a hydrophilic group (hydroxyl-OH). Amphiphilic nature makes methanol interesting solvent because alkanes should show greater solubility in it than in water. For methane and ethane the hydrophobic groups dominates over the hydrophilic group, on the other hand for propane and butane the reverse situation occurs.
Conclusions and Concluding Remarks
In this work, we have computed free energy of solvation (Helmholtz free energy A ) of alkane (methane, ethane, propane, n-butane) molecules in different solvent environments -water as a polar and methanol as an amphiphilic solvent, for various temperatures 275 K, 300 K, 325 K, 350 K, 375 K, using molecular dynamics simulation technique. The Transferable Intermolecular Potential with 3-Points (TIP3P) model of water and the Optimized Potential for Liquid Simulations-All Atom (OPLS-AA) model of alkane and methanol were used. Here alkane (methane, ethane, propane and n-butane) acts as a solute and water and methanol act as a polar and an amphiphilic solvent respectively. The free energy of solvation or hydration of alkane in water is positive, and this values increases with increase in change length of alkanes. The calculated values of the free energy are in agreement with the available literature values. The free energy of solvation of alkanes in methanol shows different trends, it is negative for propane and butane but positive for methane and ethane. This shows that methane and ethane are insoluble whereas propane and butane are soluble in methanol.
This study reports the first complete description of the solution thermodynamics calculating solvation free energy of alkanes in water and methanol by computer simulations, using Bennet Acceptance Ratio (BAR) method. This study could be the basis for understanding the biomolecular interactions and calculation of free energy of binding for a small molecule to some larger receptor biomolecule (usually a protein). In the near future, we also plan to study the solvation/hydration of a larger series of solutes and calculation free energy of binding between a ligand and a receptor in diffierent aqueous environment.
